ABSTRACT We evaluated the accuracy of the recently reported technique of estimating intraventricular volume by measurement of intracavitary electrical conductance in six isolated, ejecting, canine left ventricles. Left ventricular volumes were measured directly by a previously validated servosystem that employed an electroconductive balloon placed in the left ventricular cavity. The volume measured continuously by the balloon method (V,a,) was compared with that estimated by the conductance method (Vcath). For this test, the hearts were made to eject and fill physiologically by the use of a previously described computer-simulated arterial loading system. Complex ejection and filling patterns were created by stimulating the atrium mechanically, which resulted in irregular arrhythmatic contractions spanning a wide range of volumes. We found that there was a highly linear relationship (r2 .982 + .0 14) between Vbal and Vca,h: VC,,h 0.82 (± .05) V5,1 + 26.7 (+-11.8) ml. Despite the wide variation in the offset term of this relationship among the different hearts, the offset within a given heart was predicted within 3.5 ml by a previously detailed "dilution" method that is applicable to the heart in situ within a closed thorax. Thus, since the offset term is obtainable in situ, the conductance method provides a signal that is proportional to the actual volume. 
method (Vcath). For this test, the hearts were made to eject and fill physiologically by the use of a previously described computer-simulated arterial loading system. Complex ejection and filling patterns were created by stimulating the atrium mechanically, which resulted in irregular arrhythmatic contractions spanning a wide range of volumes. We found that there was a highly linear relationship (r2 .982 + .0 14) between Vbal and Vca,h: VC,,h 0.82 (± .05) V5,1 + 26.7 (+-11.8) ml. Despite the wide variation in the offset term of this relationship among the different hearts, the offset within a given heart was predicted within 3.5 ml by a previously detailed "dilution" method that is applicable to the heart in situ within a closed thorax. Thus, since the offset term is obtainable in situ, the conductance method provides a signal that is proportional to the actual volume. To determine whether right ventricular volume influenced the accuracy of left ventricular measurement, we compared the relationship between Vca,th and Vbal obtained with right ventricular volumes of 0 and 30 ml. Increasing the right ventricular volume shifted the relationship upward by less than 3 ml in the working range. Finally, with the left ventricle constrained to contract isovolumetrically, there was less than + 2 ml variation about a mean value in the conductance signal, indicating that the geometric rearrangements occurring during contraction do not significantly influence the accuracy of this method. We conclude that the conductance method of left ventricular volume measurement provides a continuous signal that is proportional to the actual chamber volume and may therefore prove to be useful in the assessment of ventricular performance in patients and in laboratory animals. Circulation 72, No. 2, 440-447, 1985. INSTANTANEOUS ventricular pressure and volume are the fundamental variables essential for understanding and assessing ventricular contraction. Whereas semiconductor catheter-tip transducers provide highfidelity continuous measurement of ventricular pressure, techniques for measuring instantaneous ventricular volume of the heart in vivo accurately and continuously throughout the cardiac cycle have not been available. Recently, however, a method was in-troduced by Baan et The purpose of the present study, therefore, was to reevaluate the accuracy of the conductance catheter method more reliably than in previous studies by use of an isolated, beating left ventricular preparation in which left ventricular volume could be measured accu rately by use of a balloon fitted to its cavity. To our knowledge, the balloon method yields the niost accurate measurement of the ventricular cavity volume in isolated hearts.' FuLrthermore, in this preparation it is possible to produce physiologic changes in ventricular volume with the use of a specially designed comaputersimulated arterial loading system.6n Thus, the evaluation was made in physiologically ejecting left ventricles of isolated canine heaits.
Methods
Conductance which fOllows from the condition that, when cavity volume is zero V(t) 30 in equation 11, all current passes through the suIIrounding structuIes. In the isolated heart preparation, GP is composed of the conductanices of the balloon used to measure cavity volumc (see below), the ventricular wall, and the contents of' the right ventricle. Two methods have becn described previously for cdetermination of the value of aV foir the heart in situ, one of which was used in the present study. We used the so-called dilution nmethod to obtain aeV , which is applicable to the heart in situ within a closed thoI-ax. Biriefly. a bolus ( I to 2 ml) of saturated saliie solution (coinductivity = 75 S/m in contrast to that of blood, which is approximately 0.7 S/m) is injected into the hydraulic system while end-systolic and end-diastolic volumes are held constant. As the bolus Imiixes with the fluid in the ventricular cavity, its coniductivity ( ill equation 1 ) increases, causing the overall conductance signal. G(t), to increase while the parallel conmponent, GP, remains constant. In practicc theni, end-systolic overall conductance. C,, is plotted as a function of end-diastolic overall conductance, G,. during the mixing of the bolus; lincar regression analysis is applied to the G,-G, data points, and C' is equal to the intersection point between the regiession line and the line of identity. 3 In our study (see figure 4) we plotted V,Ld, I)/(7aG) at end-systole vs end-diastole rather the G, while considering the factor L ai constant and equal to its original value before the bolus injectioni. Thus, the value determined by the intersection of the regression line with the line of identity was equal to ceV, ( [LiaGP) . This procedure will be described in detail below. The value of aV, was determined by the dilution method outlined above in five of the hearts. This value was compared with the value of b determined directly by applying linear regression to the VLa,h and V,,l data as outlined above. Isolated heart studies. Simultaneous ventricular volume tracings obtained in an isolated heart by the balloon method and by the conductance catheter are presented in figure 3 . The resistivity of the fluid inside the pericardial balloon was 120 flQcm. The right atrial appendage of the heart was stimulated mechanically to produce an irregular ejection pattern, as is depicted in the two panels at the top of the figure. As is shown, Vcath closely tracked the V,ba, throughout this series, except for small deviations during isovolumetric pauses, and Vc,,, computed by conductance was linearly related to VbaI: in the example in figure 3 , in which instantaneous Vcath is plotted as a function of VbaI, Vca,h = 0.76 Vbd, + 26.5 (r2 = .987).
In five experiments we evaluated the dilution method of determining aV 2 (see Methods). The procedure is depicted in figure 4 . First, a comparison between actual Vbal and Vcath was obtained by a method similar to that shown in figure 3 . In the example of figure 4 , A, the value of the y intercept is 31. I and the slope is 0.8. Next, the conductivity of the fluid inside the chamber was increased by the infusion of hypertonic saline solution. As depicted in the original recordings in figure  4 , B, the actual end-systolic and end-diastolic volumes, as recorded by the balloon method, were constant during this run, while the catheter signal increased in magnitude as the hypertonic saline mixed with the fluid in the pericardial balloon. As while the influence on the slope, and the offset were small. Theoretically, the increase in right ventricular volume should hardly affect slope and should increase the value of the offset (see Discussion), which was indeed the case in experiments 1 and 3. The very slight changes in the slope (0.01 and 0.02, respectively) in experiments 1 and 3 are not statistically significant. The 0.07 increase in slope in experiment 2, and the accompanying slight decrease in offset, are somewhat anomalous.
Isovolumetric contractions. The influence of the geometric changes brought about by isovolumetric contractions on the conductance signal were evaluated in three ventricles. Original recordings from one typical experiment are illustrated in figure 5 . The ventricle was made to contract isovolumetrically at 10, 15, 20, 25, 30, and 35 ml. Peak isovolumetric pressure increased from 40 to greater than 180 mm Hg over this range of volumes. The Vcath fluctuated by at most ± 2 ml around the mean level during the cardiac cycle. The amount of fluctuation in the catheter signal was a function of ventricular volume, which suggests that ventricular volume modulates the influences of contraction on chamber geometry. Minimal fluctuations (<0.5 ml) were observed at a volume of 25 ml and they were maximal at 35 ml. The results of the other experiments were essentially identical. Similar conclusions regarding the influence of volume on geometry in an ejecting ventricle may be drawn from the pressurevolume loops shown in figure 6 obtained by balloon and by conductance catheter. (The Vcath-Vbal correlation data corresponding to these tracings are presented in figure 4 ). The overall similarity between the two panels is striking. However, closer inspection reveals that the isovolumetric relaxation phases show some differences. Those in figure 6 , A, obtained by balloon, display a slight but uniform skewness, while the isovolumetric relaxation parts of the conductance loops in panel B show a reversal in skewness for end-systolic volumes larger than 23 ml.
Discussion
The accuracy of the conductance catheter has been assessed previously by comparison of Vcath with volume measured by cineventriculography and with thermodilution and electromagnetic flow determinations of stroke volume. However, none of these techniques has been thoroughly validated against a truly reliable method and shown to provide precise measures of (changes in) ventricular volume throughout the cardiac cycle. In the present study the "gold standard" of ventricular volume measurement to which the conductance catheter measurements were compared was provided by the intraventricular balloon method, which has been previously validated. In this method, the volume of fluid inside the balloon is accurately measured by a carefully calibrated linear displacement transducer coupled to the shaft of a piston pump that controls the balloon value. The balloon, in principle, completely fills the ventricular lumen, thereby providing a precise measure of ventricular volume. In a previous study'0 it has been shown that this assumption is valid to within less than 1 ml, one likely source of error being that the balloon does not fill all the intertrabecular cavities in the wall. Also, in the isolated heart preparation used in this study the small amount of volume contained within the outflow tract beneath the aortic valve and above the plane of the mitral valve (where the plastic holder was sutured) is not included in the balloon measurement of ventricular volume. The extent to which this "pocket" of volume is measured by the conductance catheter depends on whether it is filled by air or by blood as provided by Thebesian vessel drainage. We were unable to determine this, but the pocket volume is probably 2 ml at most, and constant throughout the cardiac cycle. Measurements of changes in ventricular volume by the balloon method are likely to be more precise than measurements of absolute volume since the errors discussed above are relatively constant in a given heart and independent of the ventricular volume. With knowledge of the magnitude of the potential errors in balloon method, we consider it to be the best method available at present for measuring absolute ventricular volume in an ejecting heart and therefore an appropriate gold standard for evaluation of the accuracy of the conductance catheter.
We first studied the influence of changes in the parallel conductance on the performance of the conductance catheter by changing the resistivity of the fluid surrounding the pericardial balloon without a heart. From figure 2 and table 1 it is clear that this maneuver does not influence the linearity of the measurement, but the value of the y intercept clearly increases with decreasing fluid resistivity (rho), as expected from equation 2. In fact, plotting the y intercept data against the 1/rho data in table I yielded a linear relationship (r = .996), which, theoretically, should be the case (see equation 2). The substantial decrease in slope when rho is lowered is also expected: in the hypothetical and extreme case in which the resistivities of the fluids inside and outside the balloon would be equal and the balloon material would have the same rho, no variation in Vcah (slope = 0) should be observed despite changes in the actual VbN.
Results obtained with the isolated heart indicated a highly correlated, linear relationship between the volume measured by the servosystem and that measured by the catheter over a wide range of volumes and under different loading conditions, including arrhythmic contraction. The offset in the regression between Vcath and Vbal was predicted rather accurately (<3.5 ml error, table 2) by the dilution method, which estimates aVC by increasing the conductivity (decreasing resistivity) of the fluid inside the cavity by infusion of hypertonic saline.
The variation in offset between different hearts is quite large, an observation that has also been made in hearts in situ.3 Much less heart-to-heart variation is observed for the slope constant (range of from 0.75 to 0.89, which roughly covers the same range observed in SitU).3 In studies in a theoretical model,7 8 Generally, the observed influences on slope and offset of adding fluid to the right ventricle are quite small and are likely caused in part by statistical uncertainties. The influence of changes in ventricular shape occurring during contraction were assessed by making conductance measurements of volume during isovolumetric ventricular contractions. In this rigorous test, only relatively small effects (less than ±2 ml from the mean) were observed.
A potential limitation in the applicability of the results of the present study to the situation in situ arises from the fact that the conductance catheter was placed through the mitral valve and not through the aortic valve as would normally be the case in patients and intact animals. First, we could not assess the possible influences of left atrial volume on catheter measurements. This is a potentially important factor since the mitral valve is very conductive and the catheter excitation current may pass into the left atrium. Second, the influence of right ventricular volume may be slightly different in situ since, when the catheter is positioned through the aortic valve, the geometric relationship between the axis of the electrical field and the right ventricular cavity would be slightly different than in the present study. These questions should be addressed in more detailed theoretical models or in postmortem studies of hearts. Preliminary studies with the latter preparation in Baan's laboratory show that the effect of left atrial volume on conductance in the left ventricle is very small.*
The advantage of the use of the conductance catheter over other methods of measurement of ventricular volume is that it provides a continuous measure of ventricular volume. It is therefore highly suitable for making on-line measurements of ventricular pressure-volume loops, such as those shown in figure 6 , and thus facilitates the assessment of ventricular performance in vivo in such terms. The volume signal used in figure 6 , B was generated in real time by the Leycom signal processor; in practice, the offset volume determined by the dilution method (28.7 ml in this case, as in figure 4, C) would be subtracted from this signal, resulting in a signal proportional to volume determined by the balloon method.
In summary, the conductance method of estimating continuous left ventricular volume was highly linearly correlated with volume determined by the balloon method over a wide volume range and under a large variety of loading conditions and contraction modes.
The value of the offset of the regression, aVc, was *Baan J, et al: Unpublished observation.
Vol. 72 Na 2 Aunaust 1QRS predictable with reasonable accuracy by the dilution method. The slope of the regression was constant for a given heart, and varied between 0.75 and 0.89 among hearts. The influences of right ventricular volume and geometric changes occurring during the cardiac cycle on the catheter measurements were minimal. We conclude that the intracavitary conductance method of measurement of ventricular volume provides a continuous signal throughout the cardiac cycle that is essentially proportional to actual ventricular volume. Further work is needed to determine ways of estimating the exact magnitude of the proportionality factor, a, for a given heart in situ. The conductance method of continuous volume estimation is likely to facilitate the assessment of ventricular contractile state by providing crucial information about ventricular volume.
